Biosorption experiments were carried out for the removal of the cationic dye Methylene Blue from its aqueous solution by the brown algae Carolina which is widely distributed in the Mediterranean Sea at Lebanese coast. Langmuir, Freundlich, Redlich-Peterson, Temkin, Elovich, and Dubinin-Radushkevich isotherm models were also investigated. The results showed that the experimental adsorption data were well represented by the Langmuir model for the linear regression analysis and both Langmuir and Redlich-Peterson isotherm models for the non-linear regression analysis. The maximum adsorption capacity q max based on Langmuir is 55 mg/g at 19 ℃. This confirms the monolayer coverage of Methylene Blue dye onto energetically homogenous Carolina surface. Negative values of Gibbs free energy revealed that adsorption process is spontaneous.
Over 10,000 commercially available dyes exist and more than 7 × 10 5 tones per year are produced annually (Pearce et al., 2003; Robinson et al., 2001 ). Due to their good solubility, synthetic dyes are common water pollutants and they are found in trace quantities in industrial wastewater. 2 % of produced dyes are discharged directly in aqueous effluent (Pearce et al., 2003; Robinson et al., 2001 ).
Minor releases of dyes impact the aesthetics and health of receiving bodies, causing imbalances in these ecosystems. Elimination of dyes from waste waters is one of the major environmental problems because of difficulty in treating such waste waters by conventional treatment methods, as most of the dyes are stable to light and oxidizing agents. Methylene Blue (MB), an organic cationic dye usually used to dye cotton and wool, can cause serious health problems such as vomiting, hard breathing, and mental disorder (Ghosh & Bhattacharyya, 2002) . Possible treatments such as filtration, oxidation, sedimentation and adsorption for cotton textile wastes and their associated advantages and disadvantages are listed (Babu et al., 2007) .
Adsorption techniques for waste water treatment have become more popular in recent years owing to their efficiency. Activated carbon is mainly used to remove dyes from aqueous solutions due to its high adsorption capacity, but it is very expensive. Many reviews appeared in literature about the low cost adsorbents used (Allen & Koumanova, 2005; Rafatullah et al., 2010) . Certain waste products from industrial and agricultural operations, natural materials and biosorbents represent potentially economical alternative sorbents. Many of them have been tested and proposed for dye removal (Babu et al., 2007; Allen & Koumanova, 2005; Rafatullah et al., 2010; Nandi et al., 2008) .
The use of algae for the removal of color from its aqueous solution is a recent method for treatment of waste water (Caparkaya & Cavas, 2008; Kumar et al., 2005) . Marine algae have been also reported to have high metal binding capacities due to the presence of polysaccharides, proteins or lipid on the cell wall surface containing functional groups such as amino, hydroxyl, carboxyl and sulphate, which can act as binding sites for metals (Caparkaya & Cavas, 2008; Ho, 2004) . In this project the ability of marine algae (Carolina) and its chemically modified form to remove the basic dye Methylene Blue is studied.
Experimental

Sorption equilibrium
The case of a sorption process considered here involves a solid phase (sorbent: algae) and a liquid phase containing a dissolved species to be sorbed (sorbate: dye) (Volesky, 2003) .
The uptake of dye by the sorbent Q is defined as the amount of dye in (mg) bound by 1g of solid phase:
To determine the percentage of dye removal, the following equation is used:
Where: m (g) is the amount of added sorbent (algae). V (L) is the volume of sorbate solution contacted (batch) with the adsorbent. C i and C f (mg/L) are the initial and final (equilibrium) concentrations of the sorbate in solution, respectively.
Sorbent Preparation
The marine algae was collected from Lebanese shore El Manara. The seaweed was washed with tap water to remove salt, epiphytes and other contaminants and then with distilled water again. The material was dried at 70 ℃ for 16 h, then grounded with mortar and stored in a dessicator.
Chemical modification of algae
Different pre-treatments of biomass by chemical modification have been tested to improve its stability as well as its adsorption capacity, making it suitable for industrial use.
Pre-Treatment with NaOH
15 g of biomass were weighed and washed twice with 0.1 M HCl, followed by centrifugation at 2800 rpm and then washed again with deionized water. The biomass was then reacted with 150 mL of 0.1 M NaOH for 24 h.
The mixture was centrifuged and the collected biomass was washed three times with deionized water, then dried in an oven at 60 ℃ for 24 h (Baig et al., 1999) .
Pre-treatment with CaCl 2
5 g of dried biomass was treated with 200 mL of 0.2 M CaCl 2 solution at pH 5. The mixture was shaken for 24 h on a rotary shaker at 175 rpm and room temperature. The biomass was then filtered off followed by washing with deionised water to remove the excess of calcium and it was dried in an oven at 60 ℃ for 24 hours (Matheickal et al., 1999) .
Pre-treatment with Formaldehyde (cross-linking)
A mixture of 17 mL of 36 % formaldehyde and 33 mL of 0.1 M HCl solutions was added to 2.5 g of dried biomass. The mixture was stirred for 1 h. The biomass was then filtered off, washed with distilled water, 0.2 M Na 2 CO 3 and finally with distilled water. It was dried overnight at 60 ℃ and at 110 ℃ for 2 h, (Leusch et al., 1995) .
Isotherm Experimental Procedure
The experiment was done by agitating a mixture of 0.1 g of sorbent (algae) and 30 mL of sorbate MB (10 -1000 mg/L) at 215 rpm in a shaking incubator (SHIN SAENG SKIR-601 model) for 4 h at constant temperature and pH = 7. The solutions were then separated from the sorbent by centrifugation using centrifuge (Centuriol scientific LTD) for 5 min at 3000 rpm. The temperatures used are 19, 25 and 39 ℃.
In order to determine the concentration of solution, the absorbance was measured at λmax = 663 nm using UV -Visible Spectrophotometer (Jasco-V530 double beam).
FTIR Analysis
FTIR spectrophotometer (Shimadzu 8300) was used for the determination of functional groups on algal surface. Pellets were prepared with 3 mg algae and 100 mg KBr.
Thermal analysis
Thermogravimetric-differential scanning calorimetry (TG-DSC) curves were recorded on SETARAM LABSYS Thermal analyser in the flow of N 2 within the 20 -950 ℃ temperature range, with a heating rate of 3 ℃/min, (Hammud et al., 2006) .
Results and discussions
Characterization of algae by FTIR
FTIR spectroscopy offers excellent information on the nature of the bonds present on the surface of Carolina algae. Several intense characteristic bands in the IR spectra can be attributed to functional groups present in seaweed and in polysaccharides. The results are shown in Table 1 . The peaks obtained from grinded algae attributed to functional groups are at: 3412 (-OH, NH 2 ), 2400 -3000 (-COOH), 1030 (C-O) and 1633 (C=O) cm -1 . The IR spectra of algae with adsorbed Methylene Blue showed a minor shift in the IR stretch of functional group compared to pure algae. While when heavy metals was adsorbed onto algae certain functional group such as (> C=O) shows a greater shift in IR as a result of chelation (Hammud et al., 2006) .
Optimum condition
Effect of Adsorbent Dosage
The effect of adsorbent dosage for MB adsorption onto Carolina is shown in (Fig. 1) . Initial dye concentration of MB was selected as 20 mg/l, the adsorbent dosage was taken between (0.01 -0.20 g), and the solution volume was 30 mL. The results showed that when the adsorbent dosage increased, the % removal of dye increased as well. Since an increase in mass of algae provides more binding sites. The optimum algae mass was found equal to 0.1 g.
Effect of shaking
The adsorption of MB on algae was done in two ways soaking and shaking, Fig. 2 . The results showed that the equilibrium adsorption with shaking is obtained in short time compared to soaking. By shaking the dye is brought faster into contact with algae sites, while by soaking the contact is achieved only by the slow diffusion process from solution.
Effect of pH
The pH of solution is an important parameter for controlling the sorption process. The interaction between sorbate (dye) and sorbent (algae) is mainly affected by ionization states of the functional groups on both dye molecule and biosorbent surface.
The adsorption of MB onto Carolina algae was studied in solution with pH range between 1.8 and 10.0 by addition of diluted NaOH and HCl solution (0.1 M). The initial dye concentration and the weight of Carolina algae was maintained at 20 mg/L and 0.1g respectively at 25 ℃. The sorption capacity of biosorbent increased with increasing initial solution pH from 1.8 to 6, and then it remains constant, indicating that the optimum pH is 7, Table 2 .
At low pH the functional groups present on algae such as hydroxylic and carboxylic groups are neutral and the amino groups are in cationic form providing weak attraction with cationic dye MB. While at neutral and high pH the amino groups are neutral and the hydroxylic and carboxylic groups are in anionic forms providing strong electrostatic attraction with dye (Negative adsorption).
Effect of contact time on the adsorption of MB
We studied here the effect of contact time of adsorbed dye onto Carolina at temperature 25 ℃ and at different dye concentrations (10, 20 and 50 mg/L). Fig. 3 shows the plots of the capacity q (mg/g) versus contact time t (min.). It was found that q increased with increase in initial dye concentration. q also increased with increase in contact time until an optimum time is reached at t = 20 min.
Adsorption isotherm
Adsorption isotherm model
The biosorption equilibrium describes the distribution of a solute phase between the liquid phases and solid phases after the sorption reaction reached equilibrium condition. In the present work, equilibrium studies were carried out at three temperatures (19, 25, and 39 ℃). The equilibrium data were analyzed using most commonly used isotherms equations: Langmuir, Freundlich, Redlich-Peterson, Temkin, and Elovich models. The nonlinear and the linearized isotherm models expressions are given by the equations described below:
i Model (1): Langmuir model (Langmuir 1918) . The Langmuir isotherm considers sorption as a chemical phenomenon. Langmuir's isotherm is known as monolayer adsorption onto a surface with a finite number of similar active sites. The well known nonlinear expression of the Langmuir model is given by Eq. (3) and the derived linear forms in Eq. (4) respectively:
where Q 0 (mg/g) is the maximum sorbate uptake under the given condition. K L is a coefficient related to the affinity between the sorbent and sorbate.
Langmuir isotherm determines whether the adsorption is favorable or unfavorable. To determine the characteristic behavior of the adsorption, dimensionless equilibrium parameter is used:
C o is the highest initial dye concentration. For a favorable adsorption R L value must be between 0 and 1.
ii Model (2): Freundlich model is based on sorption onto a heterogenous surface (Freundlich, 1906) . The Freundlich relationship is exponential, Eq. (5):
where: K F and n are Freundlich constants.
The Freundlich isotherm constant n F = (1/n), indicates the heterogeneity factor. In the literature, n F values lower than 1 indicate the existence of strong adsorption between adsorbent and sorbate (Freundlich, 1906) .
iii Model (3): Redlich-Peterson model is a general equation that includes both Freundlich and Langmuir features (Redlich & Peterson, 1959) .
where A RP , K RP , and β are parameters to be estimated. β  lies between 0 and 1, it has two limiting behaviors:
Langmuir form for β = 1 and Henry's law form for β = 0.
iv Model (4): Temkin model: Explain sorbent/sorbate interactions in relation to heat of adsorption (Temkin, 1941) . Non linear and linear Temkin equations 8 and 9 are:
where B T = (RT/b) is a factor related to the heat of adsorption and K T is Temkin equilibrium constant (L/mg).
v Model (5): Elovich model: deals with multilayer adsorption, based on a kinetic principle that adsorption site increase exponentially with adsorption. K E is Elovich equilibrium constant and Q E is Elovich maximum adsorption capacity (Elovich & Larinov, 1962) . Non linear and linear Elovich forms are described in equations 10 and 11.
Computational method and error calculation (unmodified algae)
In the following, the computational part of the obtained experimental measurements is introduced. To obtain the curve which best fits the data in least-squares sense, the following minimization problem is solved by calculating:
Half the sum of squares of errors (F):
where xdata i and ydata i are the experimental measurements, and f(x, xdata i ) is a function of the linear or nonlinear curve proposed to fit the given data. The xdata i is the equilibrium concentration C e . The value of the objective function F(x) measures the discrepancy between the considered model f(x, xdata i ) (the calculated adsorption capacity Q e,calc ) and the observed data ydata i (the experimental adsorption capacity Q e,exp ). The computational package of MATLAB is considered for solving the data fitting problem. In particular we have used the function lsqcurvefit from the optimization toolbox of MATLAB to do this job. The solution of this problem yields the best values of the parameters in the used model. Five models have been tried in our computations using linear and nonlinear equations. The least value of F(x) indicates that the corresponding curve is the best one among the five isotherm model. This should be also supported with the highest value of commonly used regression correlation coefficient R 2 . The obtained final parameters values of the optimization solver lsqcurvefit are given in Table 3 . Moreover, we have calculated closely related error functions described below in order to support the conclusion about the best-fitting equation for each models. 
Where N is the number of data point
Where P is the number of parameters in each isotherm model.
The hybrid fractional error function (HYBRID):
Where X = ydata i and Y = f(x, xdata i )
Where S(XY) is the sum of squares of X and Y, S(XX) is the sum of squares of X and S(YY) is the sum of squares of Y.
Squared correlation coefficient (R 2 )
Where R is the correlation between the experimental data and the used model. This error function is defined as:
Determination of the best fitting isotherm model is based on the use of the eight error functions described above, by calculating the error deviation between experimental and predicted equilibrium adsorption data, for both linear and nonlinear analysis.
From the values of F final (smallest one) and R 2 (highest one) in the overall results of the considered four models one sees that Langmuir and Redlich-Peterson model represents the best fitting curve using nonlinear expression, Table 4 . Langmuir model is also the best fit for linear expression, Table 5 . Fig. 4 and Fig. 5 show the four best fitting curves together with the experimental data at T = 25 ℃ and 39 ℃ respectively using nonlinear models.
According to the results of Langmuir model described in Table 3 , the adsorption capacity Q 0 decreases with increasing temperature. The R L values obtained ranging from 0.02 -0.2, which lies between 0 and 1, confirmed that Langmuir isotherm was favorable for the adsorption of MB onto Carolina. Linearized form of Langmuir equation Eq. (4) was plotted as 1/Q e vs 1/C e , Fig. 6 . Parameters are listed in Table 3 .
The slope value K F and the intercept value n F were estimated from the Freundlich linear isotherm equation Eq. (6), are shown in Table 3 , Ln K F is roughly a measure of the adsorption capacity. The results revealed that regression coefficient values (R 2 ) were found smaller than those obtained with Langmuir isotherm using linear and non linear model respectively. The n F values obtained (Table 3) are lower than 1 indicating strong adsorption between the adsorbent and adsorbate (Basha et al., 2008) . The calculated error is greater in the case of Freundlich compared to Langmuir which rules out the application of this model to this adsorption study.
The sorption process can also be represented by the Redlich-Peterson model, based on the low values of error functions and high "r"-functions. Also, the obtained value of β is equal to 1.0, Table 3 . This means that the Redlich-Peterson equation is transformed into the Langmuir expression which is the best observed model in our study.
It is clear that F with appreciable numerical value help better to make the conclusion about the best model compared to R 2 with decimal values. Taking nonlinear model at T = 25 ℃ as an example, and comparing Langmuir versus Freundlich model the "F" value greatly increase from 4.6635 to 148.1372 in comparison with a slight decrease in R 2 value from 0.996 to 0.855, Table 4 . Also, F value greatly changes from 4.664 (Langmuir model) to 56.957 (Temkin model) compared to negligible decrease in R 2 from 0.996 to 0.942 respectively, Table  4 .
While an increase in initial C o leads to higher increase in Q e , this also leads to higher values in non "r" error function and lower values in "r" error function:
A decrease in C o from 1000 mg/L (at T = 19 ℃) to 217 mg/L (at T = 39 ℃) and using Freundlich non linear model as an example, causes a large decrease in non "r" error function (F, ARED, MPSED, HBRID, and  2 ) from 143. 297, 27.195, 67.594, 33.994 and 10.52 to 6.716, 11.707, 17.324, 16 .389 and 1.099 respectively. In parallel with a slight increase in "r" error function (R 2 , r, and r 2 ) from 0.884, 0.942, and 0.887 to 0.973, 0.987, and 0.974 respectively.
Transforming the data from non linear to linear isotherm form can lead to the alteration of the isotherm constants and error distribution:
The Langmuir and Freundlich models are affected by whether the analysis is carried out linearly or nonlinearly. The calculated constants and error slightly differ by whether the analysis is carried linearly or nonlinearly for Langmuir model (except for F value). This difference is more profound in the case of Freunlich model which shows relatively greater difference in the parameter values. Taking Freundlich model at T=19 ℃, the non "r" error values range from 10.5 to 143.3 for non linear model, whereas for linear model the range is from 0.2 to 11.2, Table 4 and 5.
The values of the isotherm constants greatly differ in the case of Linearization of Elovich model. The values of the error functions are also high and they greatly differ between linear and nonlinear model. This implies that the Elovich model is not applicable to our study, and the sorption mechanism does not involve a multilayer adsorption and that the adsorption sites do not increase exponentially, Table 3-5.
In the case of Temkim model, the deduced constants and the calculated error deviation are similar for Linear and nonlinear model, which is expected because of the mathematical expression are closely related, Table 4 and 5.
Dubinin-Radushkevich isotherm
In order to explain whether the adsorption process is physical, ion-exchange or chemical, Dubinin-Radushkevich equation is used (Dubinin and Radushkevich 1947) :
Where Q m is the maximum amount of ions sorbed onto Carolina (mg/g), β is a constant related to the sorption energy (mol 2 /kj 2 ), C e equilibrium concentration of dye (mg/L) and R is ideal gas constant (8.314 J mol -1 K -1
) and T is temperature in (Kelvin).
The plots of Q e versus ε enable to calculate Q m and β values at different temperatures, where ε = RTln(1 + 1/Ce).
Energy related to adsorption E can be found from the equation below:
The maximum adsorption capacity Q m of the experiment calculated from Dubinin-radushkevich (nonlinear model Eq. (20) 
Isothermal study of adsorption of MB by modified algae
This experiment was done by weighing 0.1 g of NaOH-modified algae in a set of conical flasks containing different concentrations of MB ranging from 20 to 10 3 mg/L then the conical flasks were shaken for 4 hours at 220 rpm, at T = 19 ℃ and pH 6.6.
The experiment was repeated for two other algae which are modified by CaCl 2 and Formaldehyde. Langmuir, Feundlich, and Temkin isotherms were studied for the three kinds modified of algae. The results and constants parameters were shown in Table 6 . Langmuir model is the most suitable isotherm that fit the obtained data and describes well the adsorption behavior of Methylene Blue onto modified Carolina algae, according to the value of R 2 = 0.97-1.00, Table 6 . Linear Langmuir isotherm is plotted in Fig. 7 .
The maximum uptake (q max = 64 mg/g) was found by the adsorption of the algae modified with Formaldehyde, the R L values confirmed that Langmuir isotherm was favorable for the adsorption of MB onto modified Carolina sp. We found that the uptake increased about 18 % by using the Formaldehyde modified algae compared to unmodified algae. This can be explained by the fact that binding sites are increased in the surface of biomass. The cross linking treatment is reported to diffuse into an existing cellulosic framework and reinforce it internally with short brides R-(OCH 2 -), (Volesky, 2003) .
The carboxylate ions are also responsible for cationic dye binding by the biomass. This means that dye binding can be enhanced by increasing these ions in the biomass (Baig et al., 1999) . Cellulose, and lignin, which are major constituents of most plant tissues, contains methyl esters which do not bind the cationic dye. However, these esters can be modified to caboxylate by treating the biomass with base such as NaOH. Table 7 shows the maximum adsorption capacities of various adsorbents related to Langmuir isotherm model (Caparkaya & Cavas, 2008; Marungrueng & Pavasant 2007; Ncibi et al., 2007) . The high adsorption capacity of Carolina algae let it competitive with other adsorbent.
Thermodynamic Study
To determine the Gibbs free energy (ΔG°), the enthalpy (ΔH°) and entropy (ΔS°) changes for the thermodynamic parameters of adsorption process of MB by unmodified algae are estimated from the equations below:
Where K d is the adsorption equilibrium constant, C e is the equilibrium concentration of dye (mg/L) in aqueous solution, C s is the amount of the dye at equilibrium (mg/L) adsorbed in the solid algae, R is ideal gas constant (8.314 J/mol K), and T is the temperature in Kelvin.
By plotting Ln K d vs. 1/T (K), the enthalpy and entropy values were calculated from the slope and intercept respectively. The results are shown in Table 8 . In the range of temperature studied (292 -312 K), the adsorption is exothermic (ΔH < 0), increasing order (ΔS < 0) and spontaneous (ΔG < 0).
Thermal analysis
The algae materials were heated up to 950 ℃, where all relevant weight loss was complete. The % mass loss and (enthalpy change J/g at each peak temperature ℃) respectively for Carolina algae are: The results of thermogravimetric analysis of algae with biosorbed Methylene Blue is shown in Fig. 8 . The % mass loss and temperature for algae with adsorbed Methylene Blue are: 2.5 % (38.8 J/g, 62 ℃), 9.9 % (-30.5 J/g, 312 ℃), 7.0 % (380 -580 ℃), 46.0 % (954.7 J/g, 786 ℃). The % weight of gray residue obtained from MB treated algae is 34.6 % which consist of mixture of mainly white CaO and black carbonaceous materials. The 1.3 % difference in the weight between the residues obtained from MB treated algae and free algae can be attributed to the carbon materials formed from Methylene Blue upon heating.
The sharp decrease at 786 ℃ for both cases associated with major weight loss and high endothermic heat energy is due to the conversion of CaCO 3 (s) to CaO (s) and CO 2 (g). The theoretical % weight loss due to loss of CO 2 gas in this step is 44 %. The experimental % loss for free algae is 45 %, while for MB treated algae it is 46 %. The weight loss occurring before this step (from 50 -600 ℃) is due to organic materials decomposition and volatilization.
Conclusion
The adsorption equilibrium occurred in less than 2 hours with agitation, and about 24 hours by soaking. Adsorption increased with increasing MB concentration. Fitting the data to nonlinear equation clearly distinguish the best model more than the fitting to linear equation. The F value is a good indicator for the best fitting model and is also competitive with R 2 values. The experimental data is best fitted using Langmuir and Redlich-Peterson isotherms. The adsorption capacity q max decreases with an increase in temperature. The high uptake value of Carolina algae (~ 55 mg/g) let us suggest it as promoting adsorbent for wastewater treatment. The negative values of ΔG indicate that adsorption of MB onto Carolina is a favorable process.
The biosorption of Methylene Blue onto modified Carolina sp. was enhanced with the process of cross linking with formaldehyde. The results of isothermal study using modified algae showed also that the experimental adsorption data is well fitted with Langmuir model. Temkin, M.I. (1941) . Adsorption equilibrium and the kinetic of processes on non homogeneous surfaces and in the interaction between adsorbed molecules. Zh. Fiz. Chim., 15, 296-332. Volesky, B. (2003) . Sorption and Biosorption. BV Sorbex, Inc. Montreal, Canada. 
